Within the past decade, there has been a renewed interest in urban runoff quality control strategies and technologies. These technologies include wet and dry stormwater detention ponds, constructed wetlands, holding (detention) tanks, vortex/swirl separators, filter basins and filter inlets, grass buffer strips and swales, ultraviolet radiation, porous pavements, and improved street sweeping
mathematically and because "the ability to measure the size distribution in practice is also difficult ... ". Some recent modeling efforts have attempted to consider flocculation effects, although most open water and sewer models a'isume that particles behave as discrete particles (Gailani et aI., 1991; Ongley et aI., 1992; Bertrand-Krajewski et aI., 1993; Coghlin et aI., 1993; Wen et ai., 1994) . The ability to develop satisfactory models of the flocculation process and floc transport dynamics is being facilitated by the increasing sophistication of nondestructive analytical techniques to determine sediment size and settling characteristics (e.g. Lau and Krishnappan, 1992; Kranck et aI., 1992; Pisano and Brombach, 1996; Droppo et aI., 1997; Marsalek et aI., 1998) . This type of nondestructive, empirically determined size and settling data also can be valuable in the design and evaluation of stormwater quality control technologies.
The objectives of this study were twofold. First, size (floc and discrete particle) distribution and settling velocity data were summarized for suspended solids collected from a combined sewer system that discharges to Hamilton Harbour, Hamilton, Ontario. Second, these sediment data were used as input to the STORAGE block of PCSWMM4 to assess the sensitivity of the model to variations in sediment characteristics. A standard, hypothetical detention tank was designed and used as input to the STORAGE block for the model evaluations.
Methods

Kenilworth Sewershed
Samples of suspended sediment in combined sewer overflo~Ns discharging from the Kenilworth Sewershed in Hamilton, Ontario, were collected through the summer of 1996 and in the winter of 1998. A detailed description of the sewershed was provided by Irvine et al. (1998) , but in short, the sewershed has a contributing area of265.5 ha that is serviced principally by a combined sewer system ( Figure 1 ). Much ofthe land use in the upper patt ofthe sewershed is older, single family residential, with commercial ribbons along major streets (e.g. Kenilworth, Barton, Main). The lower sewershed (approximately 9% ofthe total contributing area) is dominated by a mix ofindustry, including steel mills, railcar manufacture, metal fabrication, construction material recycling, and lead recycling facilities. Paul Theil and Beak Consultants (1991) indicated that much of Hamilton below the Niagara Escarpment discharges a limited quantity of sewage to the sanitary interceptor and based on measurements in the adjacent Stratheame (FigUfl! determined a typical drY-<Neather flow rate to be 1 per impervious hectare.
Sample Collection
All samples were collected at a manhole approximately 110m south (up-stream) of the combined sewer outfall mouth. The sewer is a tlvinbox at this site, with each side being 2.1 J x 1.75 m. Sampling was done in the easten! box afthe twinbox sewer and it was assumed that both sides (eastern and western) were equally mixed. A total of 19 grab samples were collected over nine combined sewer overflow (CSO) events in 1996 (Table 10 .1). '1'0 the extent possible, samples were collected at evenly-spaced time intervals through an event, although for some ofthe shorter events only a single sample could be collected. Sampling was done at a point mid-width ofthe sewer and approximately halfthe total flow depth below the water surface using a telescoping sample pole fitted with a clean 500 mi 4.47 I{ft -<4J:v:Y~'~lut;e G5d ",,"" ~ "''''''''''''''"'''''«-"'=" '""';w~_.",.,;;:_= polyethylene bottle. Upon retrieval of the sample, the bottle was gently rotated to ensure that the sediment was evenly mixed and then a 1-3 ml subsample was poured into an inverted microscope slide for image analysis (Figure 10 .2).
Monahan (1997) found that pouring a sample from the bottle did not significantly change the floc size distribution, as compared to sampling directly into a microscope settling column from the flow, as typically is done for river studies.
Two flow-proportioned composite samples were collected at the same site in January, 1998, mdng a Sigma Streamline 900 Series flow meter and pump sampler. These samples were analyzed for both particle size characteristics and settling velocity. Figure 10 .2 Settling system for inverted microscope: (a) 3 ml reservoir; (b) settling column (not required in this study, but typically used for river sampling); (c) top cap to cover settling column; (d) square glass plate to cover 3 ml reservoir (in the absence of the settling column).
Laboratory Analysis
The size analysis for the samples collected in 1996 \vas done at the Image Analysis Laboratory of the National Water Research Institute, Burlington, Ontario, using an Optomax V image analysis system that was connected to a Zeiss Auxiovert 100 inverted microscope and an IBM computer. The samples in the inverted microscope slides were viewed at 100 times magnification, using at least four different fields of view, which resulted in the imaging of between 1,000 and 5,000 particles per san1ple. The results of this analysis hereafter are referred to as the "effective" (Le. flocculated) size distribution. All samples were refrigerated prior to analysis and the analysis for the effective size distribution typically was done within one week of sample collection. Monahan (1997) found that refrigerated samples could be held up to 21 days without significant change to the size distribution. Samples analyzed for effective size distribution subsequently were sonicated and then re-imaged to detennine the primary particle size distribution (hereafter referred to as the "absolute" size distribution), The sonicated samples were allowed to settle for a minimum of four hours before imaging was done.
The size distribution characteristics for the 1998 samples were determined using Northern Exposure Image Analysis software (distributed by Empix Imaging) installed on a Pentium personal computer and connected to the Zeiss Auxiovert 100 inverted microscope. The Optomax V and Northern Exposure systems provide similar results, but the Northern Exposure software has greater flexibility in reproducing and manipulating digital images. Settling velocity for the 1998 samples was meac;ured fonowing the method described by Droppo et al. (1997) . Briefly, drops of the combined sewage sample were introduced into the top of a 2.5 litre settling column, using a pipette with a 3.74 mm bore. As the sediment passed through the field of view of a Nikon SMZ-2T stereoscopic microscope, it was videotaped on a super VHS VCR connected to a CCD camera (Figure 10. 3). The settling velocity of each particle was then derived using the Northern Exposure software, in which two video frames a known time interval apart were digitally overlapped. The distance between the particle images was measured, as was the size of the particle.
PCSWMM4 Modeling
The RUNOFF and TRANSPORT blocks ofPCSWMM4 (distributed by CHI, Guelph, Ontario) were used to simulate surface runoff and route the runoff through the sewer network. Details of the model construction are provided by Irvine et al. (1998) . The simulated overflow that would discharge to the harbour from the sewershed subsequently was entered into the STORAGE block, where it was treated using a hypothetical rectangular detention tank having a travel length of90 m and a width of 45 m. These dimensions represent a length-to-width ratio of two, which is the same as that used by Nixet al. (1988) in their theoretical evaluation of suspended solids removal in a detention basin. The maximum depth of the tank was set at three meters, thereby providing a detention capacity of 12,150 m 3 . This tank capacity is smaller than some detention tanks that have been or are being constructed by the Hamilton-Wentworth Region, under its Pollution Control Plan (PCP) (Paul Theil Associates and Beak Consultants, 1991). For example, Stirrup (1996) For most simulation runs it was assumed that treated outflow from the tank would discharge to the harbour through a bottom orifice at a constant rate of 0.78 m 3 s· l • In this sense, we are considering the tank as a flow-through system with temporary retention capacity. As noted by Nix et al. (1988) , this withdrawal configuration may not be optimal for sediment treatment, hut for the purposes of comparing settling characteristics, this is not a critical consideration. Simulation of solids deposition within a detention unit can be different approaches within the STORAGE block. The solids can be characterized a concentration approach in which the removal rate is proportional to the concentration present in the unit (Le. a tirst order reaction) (Huber and Dickinson, 1988) . Alternatively, the solids can be characterized and removed using either: (i) a combination of particle size and specific gravity; or (ii) a settling velocity distribution. We used the latter two options (0) and (ii» in this and as such Details of the removal computations are provided by Huber and Dickinson (1988) . The particle size distribution used for our simulations was measured directly with the Northern Exposure system, while the specific gravity (also refelTcd to as the wet density ofthe floc or particle density) was calculated using the settling velocity data and solving the Stokes equation as discussed by Droppo et aI., 1997:
CSO Flocculation and Removal of Solid'! in a Detention Tank
vs settling velocity, D particle diameter, Pr the wet density of the floc, Pw the density of water, g acceleration due to gi'avity, and J.l the dynamic viscosity of water.
Settling velocity for different particle sizes was measured using the procedure described in the previous section for particles with a minimum size of90 J.lm or greater (the minimum resolution of the system). Settling velocity for particles smaller than 90 ~lln was estimated by extrapolating the regression between the measured settling velocities and particle sizes.
The paxiicle removal simulations were done using the rainfall from a storm observed on July 15, 1996. data collected at the Mount Hope airport (10.5 km southwest ofthe indicated that the storm had a duration on 0 hours and 37.6 mm afmin, Peak rainfall intensity for this stonn was 9.4 mm . For comparative purposes, Paul Theil Associates and Beak Consultants (1 indicated that in a rainfall year Hamilton would experience five storm events with a total greater than 30 mm and a two hour, 35 mm storm would occur, on average, once per year. To simplify interpretation of modeled settling rates in response to changes in the sediment characteristics, a constant sediment concentration of 193 mg 1-1 was assumed to enter the theoretical detention tank during the storm. This concentration was the mean value of the nineteen samples collected in 1996. observed in various natural and engineered environments (e.g. Irvine et at, 1995; Droppo et at, 1996; Monahan, 1997) . The distribution pattern indicates that a relatively small number of floes comprised the majority of the sample volume, while conversely, a great number of sediment particles had a relatively small volume. 
Results
Size Characteristics of csa Samples
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The difference in the effective and absolute size distributions is summarized in Table 10 The BestFit software, an Excel spreadsheet add-in (Palisade Corporation, 1996) , was used to identify the distribution(s) that most likely produced the effective and absolute size data, by volume and by number. BestFit compared the sample data with 25 theoretical probability distributions, using a maximumlikelihood estimator approach. Subsequently, Chi-square and KolmogorovSmimov test statistics were calculated to evaluate goodness-of-fit and BestFit ranked the fit of each distribution based on the test statistic results. Results of this probability distribution fitting effort are summarized in Table 10 .2, for the 19 samples from 1996. The rankings of the most appropriate distributions may differ for the two test statistics because of different emphasis in the calculation ofthe statistics (Palisade Corporation, 1996) . The results in Table 10 .2 were developed by considering the frequency ofthe top three relative rankings from both tests for each of the 19 samples. but the slopes of the regressions were significantly different from 0 (a=O.05) and the regression equations for each of the two samples were remarkably similar. Possible sources of the scatter in the data are discussed below.
PCSWMM4 STORAGE Block Results
A total of 13 model runs using different input characteristics was done to evaluate the sensitivity of the STORAGE block to size/density characteristics of the particles, settling velocity distribution, and hydraulics ofthe detention tank. The characteristics of the different runs are summarized in Table 10 .3. Up to 10 particle size classes and specific gravities or up to 10 settling velocity classes can be input, as indicated in Table 10 .3. The particle characteristics for the January 8, 1998 sample were used as the basis ofthe simulation inputs.
The modeled inflow volume to the tank for the storm of July 15, 1996 was 26,047 m 3 and the peak inflow rate was 2.34 m 3 s·l. The estimated total sediment load (volume of flow x concentration of suspended sediment) entering the detention tank for this storm was 5,027 kg. Except for some minor evaporation loss, all flow entering the detention tank in runs 1 through 12 ultimately would discharge to the harbour because we have assumed a constant "treated" outflow rate of 0.78 m 3 sol. The sediment load leaving the detention tank in runs 1 through averaged around 1 kg, a The variation in retention eftlciency for these runs was less that the model, as constructed, was not sensitive to variations in suspended sediment characteristics.
In the final run, the hydraulics of the detention tank were changed so that the treated outflow to the harbour would not begin to discharge until the depth of water in the tank was at least two meters. After that depth, the outflow discharge was governed by the equation: 10 particle size classes in the same proportion as run I, but specific gravity was set to 2.65 for all classes 5 particle size classes in the same proportion as run 2, but specific gravity was set to 2.65 for all classes 3 particle size classes in the same proportion as run 3, but specific gravity was set to 2.65 for all classes 10 particle size classes (Ilm) and specific gravities used: 0.45-3.0(2.45)*; 3.1-11.1(2.45); Principal difference between run 1 and 9 is that 30% of the size distribution was placed in the clay size range 10 particle size classes and specific gravities, similar to run I. The principal difference between run I and 11 is that 94% of the sample was placed in the 230-1200 Jlm range 3 particle size classes and specific gravities, similar to nm 3. The principal difference between run 3 and run 12 is that 99.5% of the sample was >65. The total volume oftreated outflow to the harbour for this run was estimated to be 19,957 m 3 , or 77% of the inflow volume. The remaining 23% of the inflow would be returned to the interceptor without impacting the harbour. Because of the additional holding/settling time for this run, as compared to runs 1 through 12, the tank retained essentially 100% of the incoming sediment.
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Discussion
The observed and fitted theoretical distributions for percent by number and percent by volume, samples 8 and 15 (1996 effective size data), are shown in Figure 10 .8. The percent by volume data showed greater variability with respect to the best fit theoretical distribution, although in general it appeared that the Beta distribution was most appropriate. The Pearson Type V distribution generally appeared most appropriate for the percent by number distributions and the Pearson distribution has the advantage of being commonly used in hydrologic studies. In reviewing street dust size distribution data published in various studies, Klemetson (1985) concluded that a log-normal distribution provided an appropriate tit. It is likely that due to hydraulic sorting and flocculation mechanisms, the size distribution of the sediment changes during movement from the surface, mixing with sanitary sewage, and transport through the sewer system. Factors affecting size distribution change (including flocculation) and the dynamics of the changes should be evaluated more rigorously for inclusion in a sewer modeling framework.
Some recent literature (e.g. Aiguier et aI., 1996; Lucas-Aiguier et aI., 1998; Pisano and Bl'Ombach, 1996; Hedges et ai., 1998) has emphasized the importance of knowing settling velocity profiles ofCSO sediment (as opposed simply to size distribution) in designing effective detention basins. For example, Hedges et al. (1998) determined nutrient and metals levels and loadings for different settling velocity classes in primarily dry weather flow samples. They concluded that any sedimentation device capable of removing solids with a settling velocity greater than 0.18 mm S·I could remove 50 to 60% of COD, TKN, and P, but between 70 and 90% of most metals (e.g. Zn, Hg, Cu).
The median settling velocities (vs 50 ) for our samples were 3.65 mm S·I and 3.01 mm S-I for the January 6 and January 8, 1998 samples, respectively. Pisano and Brombach (1996) summarized settling velocity characteristics from studies done in North America and Europe and found that the vs 50 for CSO samples from North America ranged between 0.1 and 54.5 mm s·1 (geometric mean of2.17 mm S·I). The vs 50 for CSO samples from a major study done in Germany ranged between 1.2 and 14 mm S·I (geometric meanof4.2 mm 5. 1 ). Aiguieretal. (1996) presented the vs 50 for studies done in France, the UK, and Germany, these being 0.9-3.0 mm s·l; 1.3 mm S·I; and 1.5-8.9 mm s·l, respectively. Ourvs so values fell within the general range reported in the literature and there was little difference in the vs 50 between our two samples.
Lucas- Aiguier et al. (1998) (Pisano and Brombach, 1996) . \Ve assumed that this heavier 
~ .,,0
Vi material would have a smaller environmental impact (e.g. due to lower contaminant level association, see Forstner and Wittmann, 1983 or Allen, 1986 ) and therefore have focused on the suspended material. Lucas- Aiguier et aL (1998) indicated that settling velocity measurements done in Germany using the UFT method represent the settleable fraction the sample is allowed to settle in an Imhoff cone for 2 hours prior to analysis). The settling velocities of these solids tend to be >0.1 mm S-l and therefore these data typically have higher vS so ' Lucas-Aiguier ct al. (1998) also evaluated four commonly used methods to determine settling velocity and there was some variation in pretreatment, settling column size, depth of sample withdrawal, and the nature of column water into which the sample was introduced. It was concluded that there is a need to standardize analytical methodologies. Our method differs from those reviewed by Lucas-Aiguier et al. (1998) in that an optical approach was employed. Although our vS so were within the range of those repOlied in the literature, it would be useful to include the optical method in round-robin comparisons. Settling velocity was significantly related to the effective size of the particles, as indicated in Figure 10 .7. However, there was considerable scatter in the data which may be related to factors such as floc shape and density. Klemetson (1985) presented equations to calculate the drag coefficient for particles of different shapes and these equations illustrate the interaction between shape, density, and settling velocity: .1) to evaluate transport/deposition dynamics for the particular system (e.g. Hemond and Fechner, 1994; McCuen, 1998) . Stokes Law originally was developed for solid, spherical, quartz particles, having a density of2.65, and settling under quiescent conditions. As indicated in Figure 10 .9, CSO floes have a much lower density than quartz pal1icies, thereby influencing settling velocity. Ifwe simplistically assume that the floes settled as solid, spherical, particles at a density of 2.65, the relationship between settling velocity and size for our samples could be represented as in Figure 10 .10. Also shown in Figure 10 .10 is the regression line for our measured settling velocity-size data. Clearly, Stokes Law over-predicts settling velocity, particularly for the larger particle sizes (> 300 11m), thereby suggesting that removal efficiency of detention tanks also could if an unmodified Stokes Unv was used in ;:tt:.UU:IF:. .1) for a range of particle sizes and our regression results for the January 8, 1998 CSO sample.
where Sp is specific gravity (dimensionless) and the drag coefficient is calculated using variations of Equation 10.3 (see Huber and Dickinson, 1988) . Equation 10.7 is used when the size and density input option is selected for the PCSWMM4 runs. Although the STORAGE block has the flexibility of considering either sediment settling velocity directly, or calculating settling velocity based on particle size and density, the results in Table 10 .3 indicated that for our test configuration the model was more sensitive to changes in hydraulics of the detention tank (e.g. travel time, holding time) than to variations in the sediment characteristics.
Conclusion
Sediment in combined sewer overflows from the Kenilworth Sewershed, Hamilton, Ontario, were highly flocculated, with a large volume of the sediment being contained within a relatively small number of floes. The size distribution of the CSO samples was well-fit with a Beta distribution when expressed as a percent by volume and a Pearson V distribution when expressed as a percent by number.
There is a need for further research to evaluate the evolution of sediment size and water body.
The median settling velocities of our samples (3 .65 mm s· 1 and 3.01 mm s· 1 ) were within the range of published median settling velocities for combined sewer samples. Settling velocity and/or size distribution and particle density data should be considered in the design of any sedimentation device. Flocculation of sediment can increase settling velocity and remove particle sizes that nonnally would not settle. Given the data of Hedges et al. (I 998) , it appears that any sedimentation device capable of removing particles having a settling velocity >0. 18 mm s· 1 also can be highly efficient in removing metals.111is suggests that the sediment from the Kenilworth Sewershed could be treated effectively with a sedimentation device.
The STORAGE block ofPCSWMM4 provides good flexibility in accepting either settling velocity or size and particle density data as input to estimate sedimentation rates within a detention tank. However, sedimentation rate estimates were more sensitive to changes in the hydraulics (i.e. hydraulic residence times) ofthe tank than changes in sediment characteristics. Furthennore, neither SWMM nor our study consider changes in floc size or structure within the tank during the detention period. It would be useful to undertake a more extensive evaluation ofthe STORAGE block capabilities using real sediment and detention tank data to integrate a more rigorous approach to the settling velocity algorithms.
